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Stochastic Current-Induced Magnetization Switching in a Single Semiconducting
Ferromagnetic Layer
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We show experimental evidence of magnetization switching in a single (Ga,Mn)(As,P) semiconducting
ferromagnetic layer, attributed to a strong reduction of the magnetization and the anisotropy due to current
injection. The nucleation of magnetization reversal is found to occur even in the absence of a magnetic field
and to be both anisotropic and stochastic. Our findings highlight a new mechanism of magnetization
manipulation based on spin accumulation in a semiconductor material.
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In spin electronics, a large variety of stimuli has been
demonstrated to be efficient in manipulating a magnetic
state, such as spin polarized currents [1-3], ultrafast laser
pulses [4], and electric fields [5,6], thereby opening
challenging questions on the physical processes involved
in magnetization excitations [7-9] and reversal [2,10-17].
In particular, current-induced magnetization reversals in
nanopillars or domain-wall motion in tracks originate from
a spin transfer torque (STT) [18,19] exerted on local
magnetic moments by accumulated out-of-equilibrium
carrier spins. STT effects [20-22] have been explored in
metallic [10,13,16] and in semi-conducting [2,14,15]
magnetic multilayer nanopillar structures. While most of
these experiments aim at understanding current-induced
magnetization reversal in a deterministic way, reports on
stochastic reversal remain scarce [11,12,17]. However, the
study of stochastic reversal [11,12] is particularly fruitful
since it gives access to the potential barrier to spontaneous
switching.

In order to observe stochastic magnetization reversal in a
ferromagnetic semiconductor layer, we fabricated the
device presented in Figs. 1(a)—(b). It consists of two
regions, a nucleation area located beneath a narrow
(2 ym-wide) Au/Ti electrode, and a semicircular (Ga,
Mn)(As,P) area for domain expansion and visualization.
The (Gag 9, Mng ;) (Asg g, Py 1) film is 50 nm thick and was
grown by low-temperature (7' = 250°C) molecular beam
epitaxy on top of a GaAs(001) substrate [23]. The film was
then annealed at 7' = 250°C, during 1 h and presents a
perpendicular magnetic anisotropy. Its Curie temperature
T.1is 119 £ 1 K. The semicircular geometry was patterned
by electron beam lithography. The electrical connections
consist in a 10 nm thick titanium film covered by a 250 nm
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thick gold layer. For details on experimental methods, see
Supplemental Material Ref. [24].

Evidence for current induced stochastic magnetization
reversal is reported in Figs. 1(c)-1(d). Figure 1(c) shows
the sample magnetic state after injection of a current pulse
with three different durations in a homogeneously mag-
netized layer. In these experiments and the following the
current was always injected from the semicircular electrode
to the narrow one. Clearly resolved semi-ring-shaped
domains centered around the narrow electrode can be
observed. Their number and spatial extension increase
with pulse duration. Obviously, the generation of these
domains arises from the repetition of a nucleation and/or
propagation event induced by the current: during the
current pulse, a domain with opposite magnetization
nucleates underneath the narrow electrode, then its domain
wall (DW) is pushed away from the electrode by STT,
leaving a large homogeneously magnetized region before
the next nucleation event. Let us note that the DW
displacement varies nonlinearly with the pulse duration, a
consequence of the semicircular geometry: indeed, as the
current density decays as the inverse of the distance from the
narrow electrode, the STT hence the DW velocity decreases
accordingly. Close to the narrow electrode, for typical
current pulse amplitudes, (%2 GA/m?), DWs almost follow
a flow regime, with velocities of the order [25] of 1 m/s. In
the semicircular area, the DWs move in creep regimes.

In order to perform a statistical analysis of magnetization
reversal, the time evolution under dc bias current of
magnetization direction was recorded close to the narrow
electrode [as schematized in Figs. 1(c) and (d)]. The
nucleation event is stochastic as revealed in Fig. 1(d).
The Kerr intensity exhibits a random telegraph noise. This
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FIG. 1 (color online). Experimental set-up and stochastic magnetization reversal. (a) Optical micrograph of the (Ga,Mn)(As,P) layer
and schematic of the electrical connections showing the semicircular (left) and narrow (right) Au/Ti electrodes. (b) Cross section of the
narrow electrode featuring the current flow, the volume (Vg ~ wléF, see text) where hole spins accumulate (semicircle not to scale) and
the decrease of the magnetization (arrows). (¢) Magnetic domains observed by polar magneto-optical Kerr microscopy. The two gray
levels (up/down) correspond to magnetization pointing towards the +z and —z directions. The sample is initially in a saturated magnetic
state (homogeneous bright gray level). The injected current pulses with an intensity of / = 2.164 mA and durations of 1 us, 10 us and
100 us produce a set of quasi-circular domains revealing successive magnetization switching. Images were acquired 30 s after the
current pulses were injected. Initial sample temperature 7, = 95 K. No magnetic field is applied. (d) Inset. Typical random telegraph
noise reflecting variations of the gray level in a 100 um? square close to the interface. Semi-log plot of the typical probability of non-
reversal (Pup and Py,,,) as a function of the waited time (f) since the last reversal. Each curve is deduced from ~50 switches. The (green)

lines are exponential fits.

noise reflects the stochastic switching of the magnetization
between the film easy directions (up/down), perpendicular
to the film. For each of those two magnetic states, the
probabilities of non-reversal from the up (1) and down (d)
states (P, and P,) were recorded as a function of the
time (¢) between two subsequent reversals. As reported in
Fig. 1(d), P, and P, decrease exponentially with ¢. The good
agreement with a P, ;=1—e /% law, strongly suggests
that the random telegraph noise can be described by the
Néel-Brown model with a unique dwell time given by:

AEu,LI
Tyd = To€ 57, (1)

where kg is the Boltzmann constant and AE,, ,; the energy
barrier heights characterizing each state. Within this frame-
work, the experimental determination of the dwell times 7,, 4
gives access to the variations of AE,, ; which depends on the
external parameters such as magnetic fields perpendicular
(uoH ;) and parallel (uyH ) to the film, the bias current (1)
and the temperature (7'), as reported in Fig. 2.

Here, it is important to stress that the temperature rise
(AT;) due to Joule heating, at the interface between the
narrow electrode and the magnetic layer, was systemati-
cally taken into account. As detailed in Ref. [24], the values
of AT; were deduced from a comparison between electrical
measurements and finite element simulations (see Ref. [26]
for details). In the explored bias current range (0.9-2.1 mA)

and cryostat temperature range (7, = 93.5-78 K), the
interface temperature (7' = T) + AT;) extends from 96
to 89 K. As those values remain well below T'., a magnetic
switching produced by a spatially localized paramagnetic
phase is excluded.

A perpendicular magnetic field (uyH,) produces asym-
metric and linear variations of In(z, ;) for the up and down
states [see Fig. 2(a)]. The asymmetry indicates that a
magnetic state is more stable for yyH, pointing in the
direction of the magnetization. The linear variations reflect
the proportionality between the energy barrier height AE,, ;
and poH , as expected for a Zeeman-like contribution. On
the other hand, the curves 7, and z; do not cross at
uoH, = 0 mT. Typical offset field (H,,) magnitudes were
found to be of the order of 0.15-0.3 mT for the investigated
bias current range (0.9-2.1 mA). As shown in Ref. [24],
H,, corresponds to the out-of-plane component of the
Oersted field.

The evolution of the dwell time with bias current (/) is
reported in Fig. 2(b) for different temperatures. The bias
current produces identical variations of In(z, 4) for both up
and down magnetization directions. The linear decrease of
In(z, ;) with increasing current reflects the reduction of the
barrier heights and will be addressed later.

The contribution of an in-plane applied magnetic field
(uoH,,) to magnetization reversal differs from that of
the other external parameters, as observed in Fig. 2(c).
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FIG. 2 (color online). Variation of the dwell times with the
external parameters (in semilogarithmic scales). (a) Magnetic
field perpendicular to the film pyH . (b) Bias current /. Interface
temperatures and cryostat temperatures (7)) are indicated on top
of the curves. The solid lines are fits of Eq. (3). (c) Magnetic field
parallel to the film uoH,,. 0 is the angle between uyH ,, and the
[100] crystallographic direction.

The curves are not symmetric around yoH , = 0 mT. Their
minimum corresponds to an offset field (o H,,) associated
to the Oersted field, as already discussed [24]. Surprisingly,
In(z,) and In(z,) exhibit a strong nonlinear variation with
HoH,, and are split. In order to address separately both
contributions, it is convenient to define a reduced dwell
time In(zgs) = (AE, — AE,)/kgT, associated to the
asymmetry of the energy barrier heights and a dwell time
In(Zpean) = In(7g) + (AE, + AE;)/2kgT, associated to
the mean energy barrier.

As shown in Fig. 3(a), In(zgs;) presents a linear variation
with pyH . This reflects an asymmetry between the energy
barrier heights AE, and AE, proportional to the magnetic
field, as expected for an additional Zeeman-like torque.
Interestingly, the slope of In(zy;;) is found to vary with the
angle between the in-plane field and the [110] in-plane
crystallographic direction of the film. This may originate
from the in-plane anisotropy of the (Ga,Mn)(As,P) mono-
crystalline film. Indeed, as the explored magnetic field
range uoH,, = 0-2 mT is close to the second and fourth
order in-plane anisotropy field-values (uoH,, =7 mT and
HoHy4, =2 mT, see Refs. [24,27]), uoH,, is expected to
significantly modify the energy barrier heights. Therefore
the variation of In(zg;) with the direction of the field uoH
strongly suggests the in-plane anisotropy to result in an
anisotropic probability of nucleation.

We now discuss the variations of the mean magnetization
reversal rate with an in-plane field uyH,,. As shown in
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FIG. 3 (color online). In-plane magnetic field contributions to
the dwell times. (a) zgi, in semilogarithmic scale and (b) Tpean
(see text). In (a), the solid lines are guides for eyes. In (b), the
solid lines are fits based on Eq. (3) for 7 =98 K, I = 0.85 mA
and for T =92 K, I = 2.06 mA. The angles between the applied
magnetic field and the [110] crystallographic direction are
indicated at the bottom right of each graph.

Fig. 3(b), In(7ean) varies nonlinearly with poH . In order
to determine the origin of this variation and more generally
the mechanisms involved in stochastic magnetization
reversals, it is important to estimate to what extent, the
unpolarized spin carriers flowing from the electrode modify
the magnetic state of the (Ga,Mn)(As,P) ferromagnetic
layer. The spatial evolution of the magnetic state with
increasing distance from the electrode is schematically
depicted in Fig. 4.

In (Ga,Mn)(As,P), ferromagnetism originates from the
exchange coupling between the manganese magnetic
moments and the spin of the carriers belonging to the
valence band [27], or from impurity states close to the
valence band [28]. After tunneling through the interface,
unpolarized electrons produce a spin depolarization in the
ferromagnet. This is due to the spin accumulation of out-of-
equilibrium carriers spins [29] occurring over the spin
diffusion length g (=10 nm) [30]. The associated spin
flip time (zgg) is of the order [31] of 50 fs. Conventionally,
theoretical desgﬂptions of the STT [18-22] assume the
magnetization M., modulus and the micromagnetic param-
eters to remain unaffected by the spin accumulation. Foradc

Ti/Au

unpolarized
electrons

1
\spin accumulation

lrelax ls)ﬂ

FIG. 4 (color online). Ferromagnet magnetic states close to the
interface. In a simplified way, three areas can be distinguished:
(1) for 0 < I < IgF, the spin accumulation produces a strong out-
of-equilibrium Mn-carrier spins system; (2) for Isp < [ < Lejax
the Mn and carrier spins systems are coupled and the magneti-
zation relaxes towards equilibrium; and (3) for [ > [ ,,, the
magnetization is at equilibrium.
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current flow and a stationary accumulation, no STT is
expected at a distance from the interface larger than Igg.
With our geometry, the current injection over the width w of
the narrow electrode should produce spin accumulation over
the volume Vg ~ wi3g, as depicted in Fig. 1(b).

However, a sufficiently large spin depolarization can also
reduce significantly [27] both the magnetization (M) and
the magnetic anisotropy (K, ~M?). Consequently, the
domain wall energy (¢ ~+/K,) and the height of the
nucleation energy barriers should decrease and stochastic
magnetization switching be favored. The associated out-of-
equilibrium magnetic states encountered as the distance /
from the interface increases are considered in Fig. 4. In the
present case of (Ga,Mn)(As,P), for 0 </ < Igg, spins
accumulate and create a strong out-of-equilibrium coupled
Mn-carrier spins system. The out-of-equilibrium magneti-
zation relaxes over a time scale 7, (&2 ns) much larger
than zgp, as deduced from pump-probe experiments [24].
Due to the carrier spin diffusion and drift, the coupled out-
of-equilibrium state extends over a distance [ = [.j,, much
larger than Igg. For [ > [, the magnetic state has been
fully recovered.

To discriminate between those two possibilities, namely a
weakly perturbed or a strongly modified magnetic state, the
decrease of the energy barrier produced by the dc current
over the volume Vg has to be compared to the magnetostatic
and anisotropy energies of the system, at equilibrium. As
shown in Fig. 2(b), the mean heights of energy barriers are
decreasing linearly with the current. The magnitude of the
decrease is given by 0 In(zean)/ 01 = —a/kgT. For the best
fitsof a/kgT (= 55 & 5 mA~") and for the explored current
range (0.9-2.1 mA), the decrease of the barrier height is
OE = 400-900 meV. The corresponding energy decrease
per unit volume SE/ Vg is of the order of 300-700 J/m?>.
These values are close to the magnetostatic energy
(= poM?/2 = 330 J/m?) and the perpendicular anisotropy
energy (K, = 1530 J/m?), deduced from magnetometry
and ferromagnetic resonance measurements  (see
Ref. [24]). Therefore the spin depolarization results in a
strong modification of the magnetic state of the ferromagnet.
Note also that an important contribution of magnons can be
excluded since the observed variation of 0 In(7eq, )/ 01 With
the bias current is rather weak (x=10%). Indeed, following
Ref. [11], I ~n,, ~ T%,/Z, where n,, and T,, are the density
and the temperature of magnons, respectively. Replacing T
by T,, and AE, ; by AE; —al in Eq. (1) would lead to a
variation of 9 In(7ycqq )/ 01 by a factor larger than 1.7 for the
explored current range.

In order to explore a possible contribution of the Hanle
effect to the variation of In(7y,,,) with yoH,, [observed in
Fig. 3(b)], we propose a simple model, assuming a
negligible magnetic anisotropy. For a magnetization relax-
ation dominated by spin decoherence, the response of the

magnetization (1\2 = A7qu + (57/}) to an in-plane field Iflxy is
given by [24],

oM o M )
o Mo e

In Eq. (2), 74.. 1s the decoherence time, and y is the
gyromagnetic ratio (= 1.76 x 10'! Hz - T~!, Landé factor
g = 2). In the steady regime, the magnetization modulus is
given by (M) ~ [° Mdt. Straightforward calculations lead
to (M) = (M) ~ (6M/5t)[1/(1 + (@74ec)*)], Where @ =
y(H,, — Hyy,) is the Larmor pulsation and 6M /4t the rate
of formation of out-of-equilibrium magnetization. For
O0M /6t assumed to be proportional to the particles current
(I/q) and energy barrier heights decreasing linearly with
(6M), the mean dwell time reads

1 al
1 =1 — |AE-—
n(Tmea.n) nzy + kBT 0 1+ (a)Tdec)z

3)
The only adjustable parameter z4,. for the magnetic field
dependency in Eq. (3) can be directly deduced from a fit of
experimental results, as shown in Fig. 3(b). The very good
agreement supports a scenario of spin decoherence via the
Hanle effect with a negligible anisotropy. z4.. equals 750 +
80 ps and 660+ 70 ps, for T=92 K and T =98 K,
respectively. As 74 > 10%*7qr, a magnetization reversal
only driven by uncoupled carrier spins can be ruled out. In
order to determine the origin of 74, additional ferromag-
netic resonance measurements were performed. As reported
in Ref. [24], the inhomogeneous width characterizing the
distribution of resonance frequencies of the coupled hole-
Mn spins system was found to be AH;,;, = 70 &= 10 Oe,
for T =100 K. The corresponding dephasing time is
Tioh = 1/ (yAH ) =~ 850 £ 150 ps. As 74 is close both
to i, and 7., the reduction of magnetization reversal rate
observed in Fig. 3 can be attributed to the decoherence of the
coupled out-of-equilibrium Mn-hole spins system. As
expected, the observed nucleation process implies time
scales much larger than the spin flip time of the uncoupled
carrier spins.

In conclusion, the mechanism of current induced mag-
netization reversal in single semiconducting ferromagnets
was shown to be very different from those proposed in the
literature [18—22]. The nucleation of magnetization reversal
is produced by a strong decrease of the magnetization and
of the magnetic anisotropy. As a consequence, it would be
particularly interesting to study to what extent the weak-
ening of the interactions between local magnetic moments
produced by carrier spins accumulation contributes to STT
phenomena for metallic systems.
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